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Abstract. In this paper we study the density profiles of self-interacting dark matter
(SIDM) haloes spanning the full observable mass range, from dwarf galaxies to galaxy
clusters. Using realistic simulations that model the baryonic physics relevant for galaxy
formation, we compare the density profiles of haloes simulated with either SIDM or
cold and collisionless dark matter (CDM) to those inferred from observations of stellar
velocity dispersion, gas rotation curves, weak and strong gravitational lensing, and/or
X-ray maps. We make our comparison in terms of the maximal surface density of
haloes, circumventing the need for semi-analytic or parametric models for dark matter
density profiles. We find that the maximal surface density as a function of halo mass is
well reproduced by simulations of CDM that include baryons, and that a SIDM cross-
section of 1 cm2/g is marginally excluded. This constraint is driven mainly by galaxy
clusters, with less massive systems being relatively less affected by DM self-interactions
with velocity-independent cross-section.
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1 Introduction
Understanding the nature of dark matter (DM) has become one of the most pressing
questions in modern science. Despite its ubiquity, evidence for its existence is ex-
clusively based on its gravitational interactions (see e.g. [1]). As such we know very
little about its particle properties. Should there be any confirmed detection of non-
gravitational interactions, a window to new physics beyond the standard model would
be opened, defining the direction of astro- and particle physics in the coming decades.
As such, it is vital that we test DM and constrain its properties in the most model
independent ways possible.
The strength of DM’s interactions with standard model particles is extremely well
constrained by terrestrial detectors and colliders (see e.g. [2–4] and references therein).
Despite this, the bounds on interactions with itself remain distinctly loose, with the
limits ∼ 20 orders of magnitude higher, allowing for interaction cross-sections similar
to those for strong interactions between nucleons (see [5] for a review). Self-interacting
dark matter (SIDM) has been cited as a way to solve potential discrepancies between
theory and observations on small scales, including the diversity of rotation curves [6, 7],
the number of DM substructures in the Milky Way and the density profile of DM
dominated dwarf galaxies (see e.g. [5] and references therein). However, whether these
inconsistencies exist (when observational uncertainties and baryonic physics are taken
into account) [8–12] and whether they can be solved with SIDM remain disputable
[13, 14]. It has been argued, for example, that Draco, a DM dominated dwarf galaxy,
actually harnesses a central density cusp [15], potentially placing a strong constraint
on the cross section of dark matter at these velocity scales.
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Figure 1. Left panel: The dependence of rcore on the cross section as predicted by dark
matter only simulations of clusters of galaxies [27], where we define rcore as the radius at
which ρCDM(rcore) = ρSIDM(0), see [26] for more details. We see that below ∼ 1cm2/g the
core radius is a linear function of the cross section, however above this it saturates and becomes
indistinguishable. The error bars represent the standard deviation of the distribution. Right
panel: The density in the center for the same SIDM simulations. This figure is taken from [26].
Important constraints on the self-interaction cross section divided by the DM
particle mass, σ/m, come from studies of merging and relaxed galaxy clusters [16–24],
where the dynamics and distribution of dark matter can be inferred through gravi-
tational lensing. The large number of studies from galaxy clusters has led to robust
constraints at a velocity of ∼ 1000 km/s, however it would be quite natural to have
a velocity-dependent SIDM cross-section. In this scenario, constraints derived from
galaxy clusters would have little bearing on dwarf galaxy scales since this would allow
a degree of freedom whereby the cross-section could be much higher in these environ-
ments.
Therefore, in the paper we will use the inner properties of DM halos of all sizes
to constraint SIDM. There is, however, a theoretical difficulty that makes such an
analysis non-trivial. Simple assumptions that are often used to make semi-analytic
predictions for the properties of SIDM haloes (see e.g. [5, 25]) are not always satisfied
in the simulations [26]. For example, the dependence of the radius of constant-density
central cores (that are expected to form in the SIDM halos) on the cross section appears
to be non-linear and saturates at large cross sections (see Fig. 1 that we take from [26],
see that paper for discussion). Therefore, in this work we will avoid any analytic
model for the density profiles of SIDM haloes and will compare SIDM simulations
with observational results directly.
N -body simulations of SIDM have advanced dramatically in the last decade and
are now readily available, see e.g. [24, 27, 28]. To address this ambitious task we will
therefore adopt simulations of halos that span the entire mass range of the observations.
To summarise, in this paper we are going to treat SIDM consistently over several
orders of magnitudes in halo mass (and therefore over a range of relative particle
velocities) by
1. adopting an ensemble of objects at each characteristic velocity (mass scale) that
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will allow us to sample the diversity in halo properties, allowing us (to some
extent) to marginalize over specific features of individual haloes, as done in [29];
2. using several state-of-the-art simulations suites (with the same implementation
of SIDM) to produce theoretical predictions, in order to avoid (potentially un-
justified) simplifications of analytical models.
This paper is structured as follows. In Section 2 we introduce the main measurable
quantity we are going to use to compare the inner properties of different halos, the
surface density. In Section 3 we describe the simulations, and in Section 4 we outline
the observational data used. In Section 5 we present the maximal surface density as a
function of the halo mass, both for simulated haloes and observed ones, and compare
between the two. Finally, in Section 6, we discuss the implications of our results.
2 Combining halos ranging six orders of magnitude in halo
mass
The goal to robustly constrain SIDM, as described above, raises a number of challenges.
1. We need to find a way to compare different haloes in a homogeneous way over
many orders of magnitude in their masses and sizes.
2. We have to use a measurable quantity ("an observable") that is derived from the
observational data from the same region where this quantity is calculated rather
than rely on extrapolations as is often done with parametric fits.
3. The observable needs to be sensitive to self-interactions and have a monotonic
relation with the cross section.
To this end we choose to adopt the mass (3D) surface density, S defined as
S(r) =
M(r)
4
3
pir2
≡ 〈ρ(< r)〉r, (2.1)
(where M(r) and 〈ρ(< r)〉 are the mass and the average density within some three
dimensional radius, r) as our primary observable.
The mass surface density is a good choice as it has been shown to change relatively
slowly and obey a simple scaling law as function of the virial halo mass (M200) over
many objects of very different masses [26, 29–31]. We emphasize, however, that the
DM surface density in those works was calculated inside certain characteristic radii –
the radius of a central core or inside the scale radius (rs) of NFW profiles. Below we
choose a slightly different approach.
Notably, if the DM density profile has a core, as is expected for SIDM [32, 33],
the surface density as a function of radius, S(r) will have a maximum at a certain
radius rSDMmax and will decrease towards the centre inside of rSDMmax . In CDM, the
DM density is predicted to scale as ρ(r) ∝ 1/r near the center (this is the case for
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Simulation (DM types) Number of haloes M200, M rtrust, kpc
GEAR (All) 60 3.8 · 108 − 3.6 · 109 0.2
APOSTLE Low res. (All) 142 1.0 · 1010 − 2.4 · 1012 1
APOSTLE High res. (No SIDM1b) 193 3.0 · 109 − 1.6 · 1012 0.4
APOSTLE Subhalos (No SIDM1b) 51 3.0 · 109 − 6 · 1010 0.4
EAGLE 50 Mpc (All) 1750 1.6 · 1011 − 1.6 · 1014 2
EAGLE 100 Mpc (CDM, CDMb) 3000 2.2 · 1011 − 3.8 · 1014 2
BAHAMAS (All) 3499 4.4 · 1013 − 3.1 · 1015 30
C-EAGLE (CDMb, SIDM1b) 31 1.1 · 1014 − 1.7 · 1015 2
Table 1. Properties of simulations, see Appendix A for details. Column description: (1)
simulation name and DM types in simulations; there are 4 different possible types: CDM,
CDM with baryons (CDMb), SIDM1, SIDM1 with baryons (SIDM1b), (2) total number of
halo in all types of DM simulations, (3) range of virial masses of halos, (4) trust radius in the
simulation (approximately 3 times the Plummer-equivalent gravitational softening length).
the the NFW profile, for example). For such a profile the surface density increases
with decreasing radius and then plateaus to a constant value in the center (in the
ρ(r) ∝ 1/r regime). Even in CDM, some halos have inner DM density profiles that are
shallow than 1/r and therefore the surface density will have a maximum. However,
this maximum typically corresponds to a much larger value of the surface density and
is located much closer to the centre than in the case of SIDM.
This presents us with an opportunity to define a model-independent quantity,
the maximum of the surface density Smax, that does not require any parametric fits.
Finally, as we have seen above (see Fig. 1 and corresponding discussion), in SIDM
the average core size for a group of halos with similar masses is expected to change
monotonically as a function of cross section (at least for small enough values of σ/m1).
Therefore Smax will have a similar monotonic behaviour in the same range of cross
section values, potentially allowing us to derive bounds on the latter.
Although surface density is defined in terms of observational data in relatively
clear and largely model independent way, there are of course observational challenges.
For example the method to probe S(r) varies depending on which astrophysical object
is observed. As such, how we derive Smax will depend on the type of object and the
observational data involved. We will discuss this in details for each class of objects
(dwarf galaxies, spiral and elliptical galaxies and galaxy clusters).
Furthermore, some objects will exhibit no clear maximum and the observed sur-
face density will continue to rise until the smallest radius available. In these cases we
can use the maximum among the measured values allowing us to put a lower bound
on Smax.
– 4 –
3 SIDM in simulations
We use ensembles of simulated objects, across a wide range of scales (clusters of galax-
ies, elliptical and spiral galaxies, dwarf galaxies) for both CDM and SIDM (with a cross
section of 1 cm2/g, SIDM1) in both DM-only simulations and in simulations including
baryons (CDMb, SIDM1b), see Table 1 with the main properties of our simulations.
We choose to use a “trust” radius of approximately 3 times the Plummer-equivalent
gravitational softening length, meaning that we do not use surface density values at
radii less than this. A detailed description of the simulations and halo selection is given
in Appendix A. We study the dependence of the surface density on radius for CDM
and SIDM as well as the effects of baryons on this dependence. Also, we analyze the
difference in the behaviour of the DM and the total mass surface densities. This data
will be used for the final comparison between the simulations and observations that
we will perform in Section 5.
3.1 Surface density in DM-only simulations
To clearly illustrate the differences between the two DM models we study, we start by
comparing DM-only (DMO) simulations.
Examples of the behaviour of the DM surface density as a function of radius for
different DMO simulated haloes are shown in Fig. 2. The difference between the CDM
and SIDM1 models becomes apparent at small radii: as expected, for the SIDM1 the
surface density first reaches a maximum and then goes to zero near the center, while
for CDM it grows. For most of the CDM halos, there is no maximum of the surface
density outside of the trust radius. Therefore, in such cases we use for comparison a
lower bound on the maximum of S(r) – its value at the trust radius - the smallest
radius where we trust the enclosed mass profiles from the simulations (see Table 1).
Of course, to really constrain SIDM we will need to compare the maximum of S(r) in
the radial range that can be robustly measured from observations. We will discuss this
question in Section 5.
The maximal surface density for CDM and SIDM1 simulations, as a function of the
virial mass of the objects, is shown in Fig. 3. We see that the maximal surface density
is systematically higher in the CDM case and appears at lower radii, in agreement
with Fig. 2. We see that the difference in the maximal surface density between the
two models is not larger than the scatter between different halos for objects with
M200 < 10
11M. The difference between the models is more visible for more massive
objects. Among simulated objects that we use here, this difference is the most profound
for the objects with masses around 1013M, although the reason this difference does
not continue to grow with halo mass above this is because for more massive halos we
are limited by the 30 kpc trust radius of BAHAMAS.
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Figure 2. Dark matter surface density profiles, S(r) = 〈ρ(< r)〉r, for halos from different
simulations with various cosmology. We plot CDM profiles in green, CDMb in gray, SIDM1
profiles in blue, and SIDM1b in red.
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Figure 3. Left panel : The ensemble maximum surface density as derived from the density
profiles as a function of halo mass, M200, for all DM-only simulations. We show CDM in
green and SIDM in blue. Where CDM does not exhibit a maximal surface density we show
a lower limit, coming from the surface density at the trust radius. Right panel: The same for
the radius of the maximum surface density.
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Figure 4. The fraction of mass within two trust radii that is baryonic, versus virial mass. For
galaxy clusters we present both high-resolution simulations with trust radii of 2kpc (green)
and the BAHAMAS simulations with trust radii of 30 kpc (magenta), see Table 1.
3.2 Effects of baryons on DM density profiles
Until now we have discussed DM-only simulations. Of course, the real Universe con-
tains baryons, so to directly compare the predictions of simulations with the real obser-
vational data we use more realistic simulations that include baryons. In this Section
we want to study how the inclusion of baryons changes the predictions for the two
DM models and the differences between them. In Fig. 4 we show how the fraction of
baryons in the inner part of the halo (inside 2 trust radii) changes with M200 in the
simulations that we use. We see that the fraction of baryons is small for dwarf galaxies,
while for larger galaxies and clusters baryons dominate the total mass in the central re-
gions. This means that: (i) the predictions of our simulations for both models depend
strongly on the realistic modeling of baryonic effects; (ii) observationaly, it may be
difficult to separate the DM mass from the total mass; (iii) the difference between DM
models may be masked by baryonic effects in the inner parts of the halos. Therefore,
we may have to search for the maximum of the surface density in a range of larger
radii, where baryons play a less important role.2 Even if the difference between CDM
and SIDM may be less profound when averaged inside such larger radii, this may be
more efficient for distinguishing between the two models, provided all theoretical and
observational uncertainties are understood.
Baryons can change the behaviour of the maximal dark matter surface density
quite significantly. In Fig. 2 we show the examples of the surface density S(r) for the
same halos, simulated both for SIDM and CDM with and without baryons. Baryonic
effects can significantly contract the DM distribution making it steeper. This effect
is stronger for SIDM, such that baryons make the differences between the two models
1For large self-interaction cross sections (σ/m & 10 cm2/g) simulations show that haloes undergo
gravothermal collapse [7], making the DM density profile cuspier than an NFW, with ρDM ∝ r−2.
2See e.g. pink points in Fig. 4, calculated for BAHAMAS simulations of the galaxy clusters, where
the trust radius as large as 30 kpc, as compared to 2 kpc for C-EAGLE simulations, represented by
the green points with the largest M200 in Fig. 4.
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Figure 5. The impact of baryonic feedback on the maximal value of dark matter surface
density obtained in the simulations: CDM on the left panel (CDM dark matter only in grey,
the version with baryons (CDMb) in green); SIDM on the right panel (SIDM1 dark matter
only in blue, the version with baryons (SIDM1b) in red. For objects where SDM(r) does not
have maximum outside trust radius we show the lower bound on the maximum – the value
at the trust radius.
smaller. In some cases baryonic effects could create small cores in CDM halos (see
e.g. [34] and references therein).
The comparison of the maximal surface density values for the whole ensemble of
halos simulated for CDM and SIDM with and without baryons is shown in Fig. 5.
We see that baryonic effects on the DM surface density are the strongest for the mass
range around 1012 − 1013M and are stronger in SIDM than in CDM (see e.g. [35] for
previous discussion). Dwarf galaxies (DM haloes with mass 1011M and lower ) are
DM-dominated even in the central parts (see Fig. 4), so the influence of baryons is
smaller than for more massive galaxies. The same is true for galaxy clusters (halos
with mass larger than 1014M), but for a different reason. As we can see in Fig. 9
(right panel), the maximum of the DM surface density for galaxy clusters with SIDM1
occurs at large distances (outside 30 kpc), while the objects are baryon dominated only
at smaller radii.
In Fig. 6 we plot the ratio of the maximal surface density with and without
baryons for our two different DM models. We see that for CDM, baryonic effects
result in slight increase in the average value of the maximal surface density. For SIDM,
baryonic contraction results in large (above a factor of 5 for some halos) increases to
the maximum surface density. This masks some of the difference (in DMO simulations)
between the maximal DM surface densities in the two models, especially for galaxies
with masses 1012 − 1013M, see Fig. 7 and the right panel of Fig. 12. For the DM
surface densities of clusters we use the BAHAMAS simulations with a trust radius
of 30 kpc. In the left panel of Fig. 8 we compare the BAHAMAS simulations with
high-resolution simulations of clusters from C-EAGLE and we see that there is not
much difference between the maximum surface density outside of 30 kpc and outside
of 2 kpc.
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Figure 6. The ratio between maximal surface density of galaxies in simulations with baryons
and pure DM simulations versus halo mass. Left panel for CDM, right panel from SIDM1.
Black line shows ratio equal to one.
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Figure 7. Left: Maximum surface density for DM mass versus the halo mass M200 for
simulations with baryons: gray points for CDMb, red points for SIDM1b. Right: The radius
where the maximum of DM surface density is achieved in our simulation, the same color
scheme.
Total mass surface density. Another interesting quantity to study is the total
mass surface density. SIDM1b BAHAMAS simulations demonstrate, that for galaxy
clusters the total mass surface density Stot(r) for r > 30 kpc has a maximum for
most of the halos. High-resolution simulations (available for 3 SIDM1b clusters only)
show, however, that even larger values of Stot(r) are achieved in the inner part from
of the halo, inside the bright central galaxy (BCG), growing toward the trust radius.
We conclude that in most of the SIDM1b clusters, apart from the global maximum
of Stot(r) near the center of BCG, there is also a local maximum, located at larger
distances, between 30 kpc and the position of the maximum of DM surface density in
the same halo (see Fig. 9 for an example). For most of the small galaxies (< 1011M)
the maximum is also present and, in any case, the maximal value of the total mass
surface density is systematically lower in SIDM1b than in CDMb (see Fig. 10). This
provides a possibility to use the total mass surface density to discriminate between DM
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Figure 8. The maximum surface density for DM mass (left) and total mass (right) for
CDMb simulations of clusters. Here we compare low resolution BAHAMAS simulations with
r > 30 kpc (green points), with high resolution C-EAGLE simulations for radii r > 30 kpc
(red points) and r > 2 kpc (blue points).
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Figure 9. Total mass surface density profiles for example halos over a wide range of halo
masses. We plot CDMb in gray and SIDM1b in red.
models, not relying on decomposing the total mass into DM and baryons, which often
requires complicated modelling, with the potential for systematic errors. However, for
most of the galaxies with virial masses in the range from 3 × 1011M to 3 × 1013M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the total mass surface density Stot(r) grows monotonically towards the trust radius.
Also, we have to be careful distinguishing the global and the local maximum in the
total mass surface density for clusters.
The comparison between the values of the total mass surface density at the global
maximum in CDMb and SIDM1b simulations is shown in Fig. 10. According to the
right panel of Fig. 8 we see large difference between high-resolution cluster simulation
and BAHAMAS, so we indicate BAHAMAS simulation with different color. Unfor-
tunately, our ability to compare two models in simulations is limited. Indeed, the
maximum of total mass surface density is located at small radii for both models. Such
small distances are resolved only by high-res simulations, that are available for CDMb
(where we can use Eagle 100 Mpc and C-Eagle simulations). For SIDM1b we do not
have Eagle 100 Mpc and only two high-resolution C-Eagle clusters plus one cluster from
Eagle 50 Mpc are available. The total mass surface density of the simulated objects
can be compared with observations (see Section 5). However, if we want to see the
difference between CDMb and SIDM1b we should not use the absolute maximum of
the total mass surface density for the large haloes. Indeed, as we can see both in Fig. 9
and in Fig. 4 the maximal value for the heavy objects is mostly influenced by baryons.
Instead, we should calculate the total mass surface density inside larger radii, closer to
the maximum of DM surface density of SIDM1b. The magenta and brown points in
Fig.10 present the maximum of the total mass surface density for the galaxy clusters
(BAHAMAS) in the range of radii outside 30 kpc. We see that the total mass surface
density for the two models is distinguishable for galaxy clusters. For massive elliptical
galaxies the situation is different: the effects of SIDM are visible in the DM profiles on
smaller scales, where the total mass is dominated by baryons. As a result, the total
mass surface density is indistinguishable between the two models at all available radii
in these objects, see Fig. 11.
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Figure 10. Maximum surface density for DM mass versus virial mass for simulations with
baryons: gray points for CDMb, red points for SIDM1b. Magenta (SIDM1b) and black
(CDMb) points are maximal values of the total mass surface density for BAHAMAS simula-
tions calculated outside 30 kpc – the trust radius of BAHAMAS, see Table 1.
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Figure 11. Comparison between total mass surface densities in CDMb (gray) and SIDM1b
(red) simulations at different radius r for objects with mass close to 1013M.
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Figure 12. Mass binned representation of the maximal values of DM surface density in
simulations without baryons (left) and with baryons (right) versus virial mass: green points
for CDM, blue points for SIDM1, gray points for CDMb, red points for SIDM1b. The lines
represent the best-fit power laws excluding objects from 1011M to 1014M (due to strong
baryonic effects).
Summary of simulations. In simulations, the maximal surface density of DM
demonstrates a regular behavior (scaling law) over 6 order of magnitude in M200, see
Fig. 12. This is true for CDM as well as SIDM simulations, both DM-only and with
baryons. In the mass range around 1012M strong baryonic effects introduce a feature
in this scaling law. We can use DM surface density to distinguish between SIDM and
CDM, despite baryonic effects. For spiral galaxies the difference is not very visible,
however for large halos the two models are clearly separated.
The maximum of the total mass surface density also has a regular dependence on
M200. While for small objects this maximum is a bit lower in SIDM1b than in CDMb
(see Fig. 10), for larger objects this maximal value is dominated by baryons and seems
to be indistinguishable between the two models. To see the difference between them
we can use instead the total mass surface density calculated outside 30 kpc where the
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fraction of DM is more significant and we can see the difference between CDMb and
SIDM1b.
We conclude that the available simulations predict that Smax as a function ofM200
is expected to be different in CDM and SIDM, despite baryonic effects, and therefore
we proceed to compare simulations with the available observations.
4 Available observational data
In this section we will introduce the best estimates of the maximal surface density for
observed systems, which we will compare with the simulated systems in Section 5.
Dwarf galaxies. For the field dwarf galaxies we use the results from [34] for 8 objects:
CVnIdwA, DDO 52, DDO 87, DDO 154, DDO 168, DDO 210, NGC 2366, WLM. Here,
the total enclosed mass profiles were calculated from either stellar kinematics or HI gas
rotation curves. The main sources of uncertainty are: the distances to each halo, their
inclinations, their ellipticities, and velocity anisotropy in the case of measurement of
velocity dispersion. In Fig. 13 we show an example of the density and surface density
profiles, using WLM. We observe that for all these objects S(r) has a clear maximum
at 1–5 kpc from the center. All these objects except of CVnIdwA and DDO 168 are
strongly DM dominated, so we do not distinguish between the total mass and DM
mass [36]. For CVnIdwA and DDO 168 we found that the radii of maximal total mass
surface density were 1.3 kpc and 3.8 kpc, respectively. The enclosed mass at these
radii is dominated by DM, so we do not distinguish between the total mass and DM
mass for them as well.
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Figure 13. Left panel: The best fit total mass density profile (black points) of WLM with 1
standard deviation (gray region). Right panel: The total surface density calculated from the
best fit values of the density profile.
We also consider classical dwarf spheroidal (dSphs) satellites of the Milky Way
(MW). These objects have very high mass-to-light ratios and are DM dominated even
in the central parts (see e.g. [34] and references therein) so they are good objects in
which to study DM properties. However, they are sub-halos of the MW halo, and as
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such are affected by processes that do not act on isolated halos in ‘the field’. As such,
when we compare them with simulations, we use simulated satellites of Milky Way-like
galaxies. The main observable in dSphs is the line-of-sight velocities of stars. The
dispersion of velocities is used to reconstruct the gravitational potential and the mass
enclosed within a given radius. The main uncertainty of this method is the unknown
stellar velocity anisotropy. This uncertainty can be minimized when the analysis is
applied to the mass inside the half-light radius, rh [37–39]. So we use the surface
density calculated at the half-light radius as a lower bound on the maximal surface
density in dShps, see Appendix B for details.
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Figure 14. Left panel: The best fit total mass density profile (black points) of Carina with 1
standard deviation (gray region). Right panel: The total surface density calculated from the
best fit values of the density profile. The red dashed line shows the half-light radius.
In [34] a method using not only the velocity dispersion, but also higher moments
of the velocity distribution function was applied to dwarf galaxies. This approach was
tested using CDM and SIDM simulations in [40] and showed good accuracy. Here we
use the results of [34] for the MW dSphs, see Table 2 for the data we used in this
work. Recently, new dSphs were discovered by the SDSS and DES surveys [41, 42].
However, many of these objects lack high-resolution spectroscopic observations so we
do not include them in our analysis.
Spiral galaxies. The main observables in spiral galaxies are the line-of-sight veloci-
ties of stars and neutral hydrogen, from which rotation velocities can be inferred if the
inclination of the disk with respect to the line-of-sight is known. This is challenging
for disks that are close to face on (where the velocities are perpendicular to the line of
sight and do not produce a Doppler shift) or edge on (where the velocities of stars at
different locations in the disk appear blended together).
Because the central regions of spiral galaxies are dominated by stars, a large source
uncertainty in measuring the DM distribution comes from the uncertain modelling of
the baryonic contribution to the total mass. As a result, the DM profile can often be
fitted (almost) equally well with NFW and cored profiles, see e.g. the rotation curves
displayed in Ref. [43]. Another source of uncertainty is the distance to each galaxy: if
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a galaxy contains ‘standard candles’ in it we can measure the distance to that galaxy
with high precision. However, for most of the galaxies the method used to measure
the distance is the Hubble law, which can be highly uncertain for nearby galaxies.
We took 175 spiral galaxies from the SPARC catalogue [44] which provides us
with models of the baryons based on the method described in [45]. Our selection
criteria are: an uncertainty on the distance measurement less than 15%, a galaxy disk
inclination more than 30◦ and a quality flag that is equal to 1 or 2 (which means the
best objects, see details in [44]). After applying these cuts we are left with 83 objects.
These objects can be divided into 3 different groups:
1. Objects with anomalies, e.g. the baryonic mass is larger than the total mass
inferred from the rotation curve, or there is no flat part in the rotation curve (12
haloes);
2. Objects with too little data, which we define as less than 10 radial data points
(22 haloes);
3. Good objects (49 haloes).
The list of selected objects is given in Appendix B. An example of an object from the
third group is given in Fig. 15.
Using objects from the third group we show the maximum of the surface density
and the radius of the maximum of the surface density as a function of the virial mass,
see Fig. 16. In this figure we find the maximum of the surface density only at radii that
are larger than the trust radius of the simulations that cover the relevant mass range:
r > 1 kpc forM < 1011M and r > 2 kpc forM > 1011M, see Table 1. The estimation
of the virial mass is taken from the best fit Einasto profiles from paper [46]. We see
that both the total and DM maximal surface densities have a regular dependence on
halo mass, while the radii at which these maxima are achieved have large scatter and
no clear trend with mass.
Elliptical galaxies and groups of galaxies. The mass profiles of large elliptical
galaxies can be reconstructed using various observational data: X-ray measured density
and temperature profiles, kinematical data of stars and globular clusters, spectroscopic
measurements of the neutral hydrogen dynamics, and strong and weak gravitational
lensing (we provide references to the papers that we used below). These objects are
baryon-dominated in the central part making the separation of the DM contribution
very uncertain. Therefore we use only total mass profiles for them.3
X-ray data. In our analysis we use the results derived from X-ray observations of
18 elliptical galaxies [47, 48] to calculate the maximum total surface density for each
object. For the halo masses we used the data from [49–51]. An example of the mass
and surface density profiles (for IC 1459) is shown in the top panels of Fig. 17. The
3This of course requires to assume for the comparison that simulations have realistic baryonic
profiles. We will see in the next Section that the agreement between data and simulations is in
general quite good.
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Figure 15. Examples of SPARC objects from the third group (the group of good objects,
see the main text for an explanation). Left panel : the circular velocity due to different mass
components. Right panel : the total surface density (black points) and DM surface density
(orange points).
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main factors of uncertainty are the possible ellipticity of the X-ray gas as well as the
assumed distances to the objects. The list of selected objects is in Appendix B.
Strong lensing. Another dataset that we consider contains enclosed masses in the
central regions of 12 objects reconstructed from strong lensing [52]. The shape of the
mass profiles may depend in this case on the parametric model that is used, therefore
we take the surface density inside the Einstein radius as a lower bound on the maximum
of total mass surface density.4 The values of the Einstein radii rEin for these objects
are between 1.4 kpc and 4.9 kpc, see Appendix B for details. We estimated the halo
masses using the so-called Moster stellar mass – halo mass relation [53].
Also we use 2 individual objects from [54, 55]. In the paper [54] the rotation curve
of NGC 2974 was obtained from spectroscopic measurements of the neutral hydrogen
dynamics, see the middle panel of Fig. 17. In the paper [55] the velocity dispersions
of stars and globular clusters were used to infer the mass profile of NGC 1407, see the
lower panel of Fig. 17. Important caveats with such an analysis are the assumption
of the unknown stellar velocity anisotropy β(r) as well as the specific functional form
of the parametric profiles used for DM and stars. For these two objects we use the
maximal values of the total mass surface density outside 2 kpc (that is actually achieved
at 2 kpc). We do not consider smaller radii as they are not resolved in the simulations
with which we compare the observed systems.
The main conclusion about elliptical galaxies is that we do not see clear maxima
of the total mass surface densities. This is consistent with the simulations, where even
with SIDM1 the cores formed are only evident at small radii, where the total mass is
dominated by baryons. Therefore massive elliptical galaxies are not the best objects
in which to see core like effects, see Fig. 11. We will see, nevertheless, that the total
mass surface density in these objects is very well reproduced in the simulations (both
with CDM and SIDM).
Galaxy clusters. To calculate the surface densities of galaxy clusters we use strong
and weak lensing data, in some cases supplemented with stellar kinematics and/or
X-ray data.
7 objects from [56, 57]. In these papers the data on strong and weak gravitational
lensing were combined with stellar kinematics within the BCG. These data were fit-
ted using parametric models for the stellar and DM components, using two different
ansatzes for the functional form of the DM density profile. This results in large un-
certainties on the DM mass in the central parts of the halos where stars dominate.
Therefore we use only data with r > 30 kpc and compare them to the BAHAMAS
simulation that have a 30 kpc trust radius. In this region the resulting dark matter
and total masses profiles agree well with each other.
CLASH.We also use 8 objects from the CLASH strong lensing survey [58] selected
by the requirement that the so called mean critical line distance5 for them is between
4Of course, the directly measured quantity is a 2D mass. In fact we use the critical lensing density
reported by the observers to calculate the mass inside rEin
5For CLASH objects there are several strongly lensed sources at different redshifts, with corre-
spondingly different Eistein radii. The mean critical line distance is roughly the average value of
these Eistein radii.
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Figure 17. Left panel: The best fit total mass density profile (black points). Right panel:
The total surface density calculated from the best fit values of the density profile.
25 and 50 kpc. The reason for this requirement is that we are going to compare
these objects with the BAHAMAS simulations and therefore we are interested in the
maximum of total mass (or surface density) outside apertures of 30 kpc. For the objects
with mean critical line distances in the above-mentioned range, the Einstein radii for
some of the lensed sources are close to 30 kpc and therefore the total mass within 30
kpc of the cluster centre should be well determined. The values used in this work are
given in Appendix B, the M200 values are from [58].
Abell S1063. We use the data for the cluster Abell S1063 from [59] where the data
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on the velocity dispersion from the stellar kinematics of the BCG was combined with
X-ray data to reconstruct mass profiles for the stellar mass of member galaxies, the hot
gas component, the BCG stellar mass, and the DM. As with the other observed galaxy
clusters, we use only data with r > 30 kpc in our analysis, and as this cluster was
part of the CLASH sample, we also compare the kinematics plus X-ray mass-profile
measurement with that derived from strong and weak gravitational lensing.
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Figure 18. Left panel: The best fit total mass density profile (black points). Right panel:
The total surface density calculated from the best fit values of the density profile.
Weak lensing data. We take weak lensing data from a sample of 52 massive
clusters from the Canadian Cluster Comparison Project (CCCP) [60] with redshifts
0.15 < z < 0.55. The CCCP is an X-ray selected sample of massive galaxy clusters for
which there is deep imaging from the Canada-France-Hawaii Telescope (CFHT). From
this sample we selected the most massive clusters by adopting a constraint on the gas
temperature, TX > 5 keV. We also rejected 3 clusters (Abell 115, Abell 223 and Abell
1758) due to the fact that these objects are experiencing mergers [60].
Weak leansing measures the 2-dimensional surface density (projected mass) that
is given by
〈Σ〉(R) = M2D(R)
piR2
, (4.1)
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Figure 19. The 2-dimensional surface density (see Eq. (4.1)) measured using weak lensing
for clusters from CCCP sample at 3 different radii.
where M2D(R) is the mass inside a cylinder with radius R. For each cluster we
take from the observational data three data points: M2D(100kpc), M2D(200kpc) and
M2D(300kpc). We illustrate this quantity for CCCP clusters in Fig. 19. For the final
analysis we use the mass inside the smallest available radius - 100 kpc.
5 Comparison of surface density between observations and sim-
ulations
In this section we finalize our analysis and compare the observational data with simula-
tions of CDM and SIDM with a cross section of 1 cm2/g. As stated earlier, our goal is
to preform this comparison in a maximally model-independent way. The quantity that
we compare between haloes from our ensembles of simulated and observed systems is
the surface density. We use both the total mass surface density and (when available)
the DM surface density.
We find that the maximal total surface density in the central parts of large halos,
where the profile is dominated by baryons, is in good agreement with the observations
(both for CDMb and SIDM1b). We also compare the maximum surface density outside
30 kpc from the centre, where DM contribution is more significant and the difference
between two DM models is more visible.
On the observational side we observe a real maximum in the total mass surface
density profiles – a clear and model-independent signature of a cored density profile –
only in spiral galaxies with M200 . 3 · 1011M. For all other objects we use a lower
bound on the maximum of the surface density – the value at the smallest available
radius. This procedure is discussed in details in Section 4. Our main results are
presented in Fig. 20 and Fig. 23.
From the upper row of Fig. 20 (DMO simulations for SIDM1 (left) and CDM(right))
we conclude that, even if the overall trend in SDM max(M200) is roughly correct in both
models, SIDM1 without baryons is not consistent with the data. For CDM the situa-
tion is slightly better, however, the simulated maximum surface densities still lie below
the observed ones.
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Figure 20. The maximal surface density of DM mass or total mass versus M200 for observed
isolated haloes (black points), observed subhalos (blue stars) and simulated isolated haloes
(green points) and subhalos (red stars). Three left panels represent SIDM, three right panels
represent CDM. Top two panel are for dark matter only simulations, two middle are for
DM surface density in the simulations with baryons, two lower panels are for the total mass
surface density. Observed objects include galaxy clusters, elliptical galaxies, spiral galaxies,
isolated dwarf galaxies and classical dwarf satellites of the Milky Way. Observed objects
where the real local peak in S(r) was detected are represented by black squares rather than
black circles (see Section 4 for details). Simulation data is described in Table 1. For the
BAHAMAS simulations we choose only massive haloes, M200 > 4× 1014M that correspond
to the masses of the observed halos that we use. For SIDM1b we do not have simulated
subhalos and use SIDM1 DMO subhalos.
The agreement between simulated and observed systems is improved substantially
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Figure 21. The maximum surface density for the total mass for SIDM1b (left) and CDMb
(right) BAHAMAS simulations. Black points shows the observational data from Newman’s
clusters [57] and one cluster from CLASH-VLT [59] for radii r > 30 kpc that correspond to
the trust radius in simulations.
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Figure 22. Comparison of the 2-dimensional surface densities (see Eq. (4.1)) between simula-
tions (green points) and observations (black points) at the smallest measured radius 100 kpc.
Left panel shows SIDM1b simulations, right panel shows CDMb simulations, observational
points are taken from CCCP sample, see Fig. 19.
for the dark matter surface density in simulations with baryons. Looking at
the middle row of Fig. 20, the EAGLE-based simulations provide a much better match
to the observations than do the DMO simulations, both for CDM and SIDM1. In both
models, there are strong baryonic effects on the DM distributions within spiral galaxies
with masses around 1012M. With these effects taken into account, the simulated and
observed distributions have significant overlap, for both models. We see that the
difference between CDM and SIDM is most pronounced in galaxy clusters, and we find
that CDM with baryons provides a visibly better match to the observed systems than
does SIDM (see a more quantitative discussion below).
We also observe in Fig. 20 that for sub-halos (red stars for simulations and blue
stars for observations) the DM surface density at fixed M200 is higher than in isolated
halos (see e.g. [29, 30] for discussion).
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The maximal values of the total mass surface density are virtually indistin-
guishable between the two DM models, and in both cases are in good agreement with
the observations. As discussed before, for the most massive haloes these maximal sur-
face density values occur at radii within which the mass distribution is dominated by
baryons. Therefore, we compare the maximal surface density at large radii (> 30 kpc)
in Fig. 21, where the difference between the two models is still visible in the total
mass. For this case we again see that CDM is in better agreement with simulations
than SIDM. Finally, in Fig. 22 we compare the 2D mass inside 100 kpc directly derived
from the weak lensing data with simulations. We see that both simulations agree with
the data pretty well, and it does not seem to be possible to distinguish between the
models at these scales.
In Fig. 23 we re-plot the same data as in Fig. 20 introducing mass bins and calcu-
lating the average values and the standard deviations in each bin. We see that DMO
haloes with SIDM1 produce maximal surface densities at odds with the observations.
For the simulations with baryons the difference between the DM surface density in
the two models is really visible only in the two most-massive bins. In the bin with
the heaviest masses, the observations seem to be inconsistent with the predictions of
SIDM1b. In the next largest bin the difference between the two models is still clear,
but unfortunately we do not have good quality observational data here. For the total
mass the situation is similar – a significant difference between the data and SIDM1b is
present only for galaxy clusters with the mass around 1015M and for the data outside
30 kpc (magenta and brown points). In the next largest mass bin (1014M) there is
still a difference between the two models, but the available data do not allow us to
distinguish between them. In the mass binsM200 ∼ 1013M the difference between the
models is not visible anymore, see the discussion above.
6 Conclusions
Our primary conclusion is that a self-interacting dark matter (SIDM) cross-section of
1 cm2/g is marginally excluded, based on a comparison between the maximal surface
density of simulated halos and that inferred for observed halos. We used the data for
the observed and simulated (both CDM and SIDM1) objects of different sizes (over
7 orders of magnitude in total mass, from dwarf galaxies to galaxy clusters). The
constraints come from galaxy clusters, with less massive systems being relatively less
affected by a velocity-independent SIDM cross-section.
In papers [31] and [26] we systematically tested semi-analytic models used in the
literature to make predictions for density profiles of SIDM haloes. We came to the
conclusion that to obtain reliable bounds it is better to directly compare the haloes
in realistic SIDM simulations with those that are observed, rather than using a semi-
analytic model to infer the cross-section (or limits on it) from observed systems. The
current state of the art in simulations, including models for the baryonic physics rele-
vant for galaxy formation, allows this to be done. In this work we collected ensembles of
haloes across a wide range of halo masses, simulated with velocity-independent SIDM
with a cross section 1 cm2/g. These simulations were performed both with and without
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Figure 23. The same as in Fig. 20 for mass bins. Error bars correspond to the standard
deviation. SIDM1 is plotted in blue, CDM in green, SIDM1b in red, CDMb in gray and
observational data in black. Isolated halos are marked by points, subhalos are marked by
stars. By brown, magenta and purple color in the bottom panel we present CDMb, SIDM1b
and observational data for large halos looking for total mass surface density maximum outside
30 kpc.
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baryonic physics. Baryonic material can affect the distribution of DM within haloes,
so it is important to include it in simulations that are to be compared directly with
observations. Analyzing these simulations we were able to make robust predictions
that can be directly compared with observations.
On the observational side, we used stellar velocity dispersion data for dwarf
spheroidal galaxies, HI rotation curve data for spiral galaxies and strong and weak
leaning data for galaxy clusters (some clusters had additional stellar kinematics or
X-ray data). We demonstrated that it is possible to compare the mass distributions
inferred from these data with SIDM simulations without fitting parametric models to
the DM density distributions in either case. Specifically, we used a non-parametric
quantity, the maximum value of the surface density (S(r) = 〈ρ(< r)〉 r), to compare
between observed and simulated systems. We believe that the analysis presented here
is a successful proof of concept for obtaining robust constraints on SIDM from the
inner properties of DM haloes.
Our results demonstrate that the velocity-independent cross section σ = 1 cm2/g
is marginally disfavoured by our data. These results are mainly based on the data
from galaxy clusters, as at the relevant distances from the center these objects are
more or less DM dominated. For spiral galaxies the situation is different. Although
the observational data implies a clear signature of constant-density DM cores (the
total mass surface density demonstrates a maximum at 2-5 kpc from the center),
there is a very significant contribution of baryonic matter inside these regions. In
simulations, baryons have a significant effect on the DM distribution, and tend to
erase the differences between CDM and SIDM. This means that realistic modelling of
baryonic effects is crucial if we want to use the data from spiral galaxies to constrain
SIDM (or maybe other DM models). In our work, we used a number of different
baryonic physics models, reflecting the fact that a sample of simulated halos covering
a wide range of halo masses requires a wide range of simulation resolutions, which in
turn requires different methods for modelling baryons. However, at fixed mass we did
not investigate the differences between alternative models for baryonic physics, which
will be important going forward.
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A Description of the simulations
GEAR. For our simulated low-mass dwarf galaxies we used the GEAR simulations
[61–64]. GEAR includes models for gas cooling, chemical evolution, star formation,
hydrogen self-shielding and Type Ia and II supernova yields and thermal blastwave-
like feedback. The parameters of these subgrid models were calibrated to reproduce
not only the observed kinematics of stars in low-mass dwarves, but also the metallicty
gradients, abundance ratios (Mg/Fe), and the observed kinetically distinct stellar pop-
ulations. The SIDM version of the GEAR code was introduced in [8], and used the
SIDM scattering algorithm described in [65, 66], with a velocity-independent cross-
section of 10 cm2/g. For this work, these simulations were re-run with a cross-section
of 1 cm2/g.
Our GEAR sample includes 15 low-mass halos, each of which has a star-formation
history that quenches before z=0. The DM and gas particle masses are 22, 462M/h
and 4, 096M/h respectively, while the star particle mass is 1024M/h. The Plummer-
equivalent gravitational softening lengths of DM and gas particles are 50 and 10 pc/h
respectively at z = 0.
EAGLE The EAGLE simulations [67, 68] are cosmological hydrodynamical simula-
tions of galaxy formation, with sub-grid physics models for gas cooling, star formation,
and feedback from both stars and active galactic nuclei. The simulations use a [69]
cosmology, with Ωm = 0.307, Ωb = 0.04825, ΩΛ = 0.693, σ8 = 0.8288, ns = 0.9611
and h = 0.6777. The DM and initial baryon particle masses are 1.8 × 106M and
9.7 × 106M respectively, and the Plummer-equivalent gravitational softening length
is 0.7 kpc. The SIDM implementation within EAGLE was introduced in [70], based
on the SIDM simulation method described in [65, 66].
EAGLE 100 Mpc. The 100 Mpc EAGLE box was the flagship EAGLE simulation
presented in [67]. As the simulation requires a large amount of computational resources,
there is not an SIDM equivalent of this simulation, but it does exist both as a CDM-only
simulation and with CDM plus EAGLE galaxy formation physics. We took the 1500
most massive friend-of-friends groups from each of the CDM and CDMb simulations
as our sample of haloes. These objects span a range of M200 values, from 2.2×1011M
to 3.8× 1014M.
EAGLE 50 Mpc. As well as the large 100 Mpc box, a smaller 50 Mpc box
exists. As well as exisiting with CDM and CDMb, this box has now been simulated
with SIDM1 and SIDM1b [maybe REF Robertson et al. 2020 in prep?]. Within
these simulations we choose the 450 most massive friend-of-friends groups for CDM,
SIDM1 and CDMb runs while for SIDM1b we take the 400 most massive friend-of-
friends groups. The halo mass range spanned by these haloes is from approximately
1.6× 1011M to 1.6× 1014M.
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C-EAGLE. The relatively modest volume of the EAGLE simulation boxes leads
to only a few massive galaxy clusters. We therefore supplement our haloes from the
EAGLE 100 and 50 Mpc boxes with galaxy clusters from C-EAGLE [71, 72]. This
project involved re-simulating massive clusters from a large DM-only box, using a
zoom technique where the zoom region had the same mass and spatial resolution as
the EAGLE simulations and used a very similar model of galaxy formation. Our
sample of haloes from C-EAGLE includes 29 cluster for CDMb in the mass range from
1.1 × 1014M to 1.7 × 1015M, and two clusters for SIDM1b with M200 = 1.4 and
3.9× 1014M.
APOSTLE. APOSTLE (A Project Of Simulating The Local Environment) is a suite
of cosmological hydrodynamic simulations of 12 zoom-in volumes that each contain
a pair of haloes that approximately match the Local Group (the Milky Way and
Andromeda) [73, 74]. The simulations use the EAGLE model of galaxy formation,
although they adopt a slightly different (WMAP-7 [75]) cosmology. APOSTLE sim-
ulations exist at different resolutions, and we use both Level 1 (L1) and Level 2 (L2)
simulations in this work, which we call ‘high res’ and ‘low res’ respectively.
APOSTLE low res. One of the low-res APOSTLE volumes has been resimulated
with 1cm2/g SIDM both with and without baryons, and so it is this volume that we
use for all models in this work (CDM, CDMb, SIDM1, SIDM1b). For each model, we
selected all friends-of-friends halos with M200 > 1010M. We excluded halos that were
contaminated by any low-resolution particles (these are the particles that trace the
evolution of the volume outside of the zoom-in region). After applying these criteria
we obtained 39 haloes for CDM, 39 for SIDM1, 33 for CDMb, and 31 for SIDM1b
with masses up to 2.4× 1012M (corresponding to the Milky Way or Andromeda-like
galaxy in the simulation volume). Low-res APOSTLE has gas (DM) particle masses
of approximately 1.2(5.9)× 105M, and a Plummer-equivalent gravitational softening
length of 300 pc. We adopt a trust radius of 1 kpc.
APOSTLE high res. There are not any high-res APOSTLE volumes simulated
with 1cm2/g SIDM and baryons, but there is a DM-only volume with 1cm2/g SIDM. As
such, we only include the three models: CDM, CDMb and SIDM1 for APOSTLE high-
res. We used a lower minimum halo-mass than with low-res, of 3×109M, reflecting the
improved mass resolution. Again, we excluded halos that were contaminated by low-
resolution particles. This leads to 63 haloes for CDM, 86 for SIDM1, and 44 for CDMb.
L1 APOSTLE has DM (gas) particle masses of approximately 1.0(5.0)× 104M, and
a Plummer-equivalent gravitational softening length of 130 pc. The trust radius for
these halos we took as 0.4 kpc [76].
APOSTLE subhaloes. Given that the APOSTLE volumes are Local Group-like
they contain satellite galaxies of the Milky Way and Andromeda, which are analogues
of the observed Milky Way dwarf spheroidal galaxies. Using the high-res APOSTLE
volumes discussed above, we extracted data for the most massive subhalos around
either of the two main haloes, including all subhaloes with masses (as identified by the
SUBFIND algorithm [77]) larger than 109M. After applying this criteria we obtained
22 subhaloes for CDM, 18 for SIDM1, and 11 for CDMb with masses up to 6×1010M.
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Object rh, pc M(rh), M S(rh), M/pc2 M200, 109M
Carina 250 6.5× 106 24.9 0.8
Draco 221 1.0× 107 50.6 1.8
Fornax 710 5.7× 107 27.1 21.9
Leo I 251 9.7× 106 36.7 5.6
Leo II 176 6.0× 106 46.2 1.6
Sculptor 283 1.1× 107 33.6 5.7
Sextans 695 3.6× 107 17.9 2.0
Ursa Minor 181 4.2× 106 30.8 2.8
Table 2. Parameters of classical dSphs from paper [34]. The columns are: 1) Object name,
2) half-light radius 3) mass at half-light radius 4) surface density at half-light radius.
BAHAMAS. BAHAMAS simulations (BAryons and HAloes of MAssive Systems) [78]
are hydrodynamical simulations with a boxsize of 400 Mpc/h. There are 10243 DM
particles with masses 5.5× 109M, and the same number of gas particles with initial
masses of 1.1 × 109M. The simulations use a WMAP-9 cosmology [79]. As well as
the CDM plus baryons simulation, this volume has been simulated with SIDM1 plus
baryons [28]; there are also DM-only versions of both the CDM and SIDM1 simulations.
To compare the properties of CDM and SIDM haloes we selected the 1000 most
massive friends-of-friends groups for CDM and SIDM1, 500 for CDMb, and 999 for
SIDM1b.
B Observational data
Dwarf irregular galaxies. For the field dwarf galaxies we use the results from [34]
for 8 objects: CVnIdwA, DDO 52, DDO 87, DDO 154, DDO 168, DDO 210, NGC
2366, WLM.
Classical dwarfs. In Table 2 we present data for dShps from [34] used in this work.
Spiral galaxies: After selection of objects in SPARC catalogue [44] discussed in
Section 4 we have selected the following objects (good objects list): IC 4202, D631-
7, DDO 154, DDO 168, ESO 563-G021, F574-1, F568-3, F568-V1, NGC 0024, NGC
0055, NGC 0247, NGC 0300, NGC 0801, NGC 2403, NGC 2683, NGC 2841, NGC
2915, NGC 2955, NGC 2976, NGC 2998, NGC 3109, NGC 3198, NGC 3741, NGC
3877, NGC 3893, NGC 3917, NGC 3972, NGC 4010, NGC 4100, NGC 4157, NGC
4183, NGC 5005, NGC 5907, NGC 6195, NGC 6503, NGC 7793, NGC 7814, UGC
01281, UGC 02885, UGC 06614, UGC 06917, UGC 06930, UGC 06983, UGC 07151,
UGC 07524, UGC 08286, UGC 08490, UGC 09037, UGC 12506.
Elliptical galaxies and groups of galaxies. List of the selected X-ray galaxies
from [47]: IC 1459, NGC 720, NGC 1316, NGC 1332, NGC 1395, NGC 1399, NGC
3607, NGC 3665, NGC 3923, NGC 4365, NGC 4472, NGC 4526, NGC 4552, NGC
4636, NGC 4649, NGC 5044, NGC 5322, NGC 5846.
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Object rEin, kpc M(rEin), 1011M S(rEin), M/pc2 M200, 1013M
J0837 3.1 1.5 3656 22.4
J0901 3.1 1.2 3090 2.2
J0913 2.3 1.0 4751 7.2
J1125 4.9 3.4 3382 38.2
J1144 3.5 1.4 2784 5.4
J1218 3.2 1.3 3046 10.6
J1323 1.4 0.40 4574 2.6
J1347 2.3 0.77 3453 3.2
J1446 1.9 0.47 3129 1.6
J1605 2.9 1.2 3366 4.3
J1606 2.7 0.96 3108 8.6
J2228 2.3 0.81 3777 9.5
Table 3. Parameters of 12 strong lensed early-type galaxies from [52]. The columns are: 1)
the object name; 2) Einstein radius; 3) mass at the Einstein radius; 4) the total mass surface
density at the Einstein radius; 5) the virial mass. The virial mass was estimated from the
stellar mass using the Moster relation [53].
Object M(30 kpc), 1012M S(30 kpc), M/pc2 M200, 1014M
A383 2.3 608 8.7
A209 1.7 461 9.5
A2261 2.1 567 14.1
RXJ2129 2.0 541 6.2
A611 1.9 494 8.5
MS2137 1.8 483 10.5
RXJ1532 1.4 383 5.2
MACSJ0429 1.9 505 7.9
Table 4. Parameters of CLASH clusters from [58]. The columns are: 1) the object name; 2)
mass at 30 kpc; 3) the total mass surface density at 30 kpc; 4) the virial mass.
Additionally, we use data for 12 strong lensed early-type galaxies from [52], see
data for them in Table 3. Also, we use 2 individual objects NGC 2974 from [54] and
NGC 1407 from [55].
Clusters of galaxies. From CLASH catalogue [58] we selected 8 objects with mean
critical line distance between 25 and 50 kpc, see data used in this work in Table 4.
From [56, 57] we use best-fit data for the total mass and DM mass gNFW profile for
7 galaxy cluster. Also, we use an individual object Abell S1063 from [59].
Weak lensing data. We use weak lensing data for 52 massive clusters from the
Canadian Cluster Comparison Project (CCCP) [60] with redshifts 0.15 < z < 0.55.
We rejected 3 clusters (A115, A223 and A1758) due to the fact that these objects
experience a merger. The full list of objects that we use is: 3C295, A68, A209,
A222, A267, A370, A383, A520, A521, A586, A611, A697, A851, A959, A963, A1234,
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A1246, A1689, A1763, A1835, A1914, A1942, A2104, A2111, A2163, A2204, A2218,
A2219, A2259, A2261, A2390, A2537, CL0024, CL0910, CL1938, MACS0717, MS0016,
MS0440, MS0451, MS0906, MS1008, MS1224, MS1231, MS1358, MS1455, MS1512,
MS1621, RXJ1347, RXJ1524.
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